Summary To understand the leaf-level responses of successional tree species to forest gap formation and nitrogen deposition, we performed canopy clearing and nitrogen-amendment treatments in larch plantations and investigated the changes in the light-use characteristics and the leaf structure of the invading deciduous broadleaved tree seedlings. We hypothesized that the responses of the tree seedlings to clearing and nitrogen input would reflect specific traits in the shoot development that would be related to the species-specific successional characteristics. The gap phase species Magnolia hyporeuca Siebold et Zucc. and the mid-late successional tree species Quercus mongolica Fischer ex Ledeb. var. crispula (Blume) Ohashi., which grow in or near the forest gaps, had higher light-saturated photosynthetic rates (Psat), enhanced mesophyll surface area (Smes) and increased leaf mass per area (LMA) under both the clearing treatment and the clearing with nitrogen-amendment treatment. These two species therefore increased their Psat via an increase in Smes and LMA. The LMA values of the late successional tree species Prunus ssiori F. Schmidt and Carpinus cordata Blume, which grow in the forest understory, were enhanced by the clearing treatment. However, they displayed lesser responses to the clearing treatment under which there were no marked increases in Psat or Smes values in the second year. These results indicate distinct and varied responses to disturbance regimes among the four seral tree seedlings. The Psat value largely increased in line with the increase in Smes value during the second year in M. hyporeuca and Q. mongolica. The nitrogen supply accelerated the change in LMA and increased the Smes value in the leaves of Q. mongolica.
Introduction
Plants are continually confronted with both natural and artificial disturbances, but they are able to adapt to a dynamic environment (e.g., Bazzaz 1996) . We hypothesized that the woody plants would be able to respond to shortand long-term environmental changes via adaptive leaf structural and physiological changes.
Foliar responses differ greatly depending on the environmental conditions, such as the amount of light, nutrients and water availability (Bazzaz 1996 , Koike et al. 1997 , Lambers et al. 1998 , Larcher 2003 , Vollenweider and Gu¨nthardt-Goerg 2006 , Gu¨nthardt-Goerg and Vollenweider 2007 . Although light is a vital resource for green plants, it is only of limited importance for seedlings that grow in the forest understory. In a larch forest, several regenerative broad-leaved tree seedlings cope well with the seasonally changing light environment due to their unique leaf phenology and adjustments in their leaf nitrogen partitioning pattern to photosynthetic proteins Koike 2004, 2005) .
However, tree seedlings that are grown in the forest understory can acclimate not only to seasonal changes in the light environment, but also to abrupt changes that are caused by the gap formation (Chabot and Hicks 1982, Pickett and White 1985) . In northern Japan, forest gaps are created by commercial harvestings in the winter and by typhoons that occur at the eastern edge of Monsoon Asia. These two factors have a significant impact on the light environment of the understory in larch plantations.
Moreover, as a consequence of industrial activity (particularly in the northern hemisphere), the deposition of pollutants into the atmosphere is a serious problem, especially that of nitrogen (Bobbink et al. 1998 , Fenn et al. 1998 , Shibata et al. 2001 , Diekmann and Falkengren-Grerup 2002 , Ogawa et al. 2006 , Waldner et al. 2007 . While the resulting nitrogen acts temporarily as a fertilizer in the forest ecosystems (Field et al. 1992 , Reich et al. 2001 , Siegwolf et al. 2001 , the question remains as to how these tree seedlings adjust to the drastic changes such as alterations in the input of nitrogen and changes in the amount of light in the environment.
Generally, the light-use characteristics of plants are specified by the photosynthetic capacity of the individual leaf and by the spatial and temporal arrangement of leaves (Horn 1971 , Givnish 1979 , Ku¨ppers 1989 , Henry and Aarssen 2001 . The photosynthetic capacity of the individual leaf is strongly affected by the leaf structure and its biochemical traits. Overall, the leaf structure comprises the mesophyll surface area (Smes), the development of palisade cells and the degree to which the chloroplasts are adequately distributed (Koike 1988 , Evans and von Caemmerer 1996 , Evans 1998 , Larcher 2003 , Kenzo et al. 2004 , Terashima et al. 2005 . In addition, the biochemical traits of the leaf are affected by the nitrogen content and the nitrogen partitioning to photosynthetic proteins in the environment (Evans 1989 , Makino et al. 1994 , Hikosaka and Terashima 1995 , Niinemets and Tenhunen 1997 , Lei and Koike 1998 , Frak et al. 2001 , Kitaoka and Koike 2004 , Hikosaka 2005 . As a whole, the arrangement of the leaves is closely related to the tree form, functional display of leaves and leaf phenology (Givnish 1979 , Ku¨ppers 1989 , 1994 , Takenaka et al. 2001 . Especially, in leaf phenology, Borchert suggested the existence of various leaf developing patterns in both the temperate and tropical regions, from the results of both thorough observation and computer simulation from the 1970s (Borchert 1973 (Borchert , 1975 (Borchert , 1976a (Borchert , 1976b (Borchert , 1991 .
There are two contrasting structural responses to a change in light intensity (Terashima et al. 2006) . Some plant species use spaces in the palisade layer that are unoccupied by chloroplasts and thereby quickly become acclimated to the sudden exposure to strong light. This phenomenon can occur concurrently (in the same year) with the new stimulus (Oguchi et al. 2003 (Oguchi et al. , 2006 . By contrast, some late successional tree species are clarified the same shoot growth pattern of Carya (see Borchert 1991) : a single flush of determinate shoot growth with the expansion of leaves preformed in the winter bud. In this way, since both the number of leaves and the number of cell layers are determined in the palisade tissue during the preceding year, the light environment during the previous year strongly affects the foliar physiological function as mediated by the leaf structure. In this case, the leaf structure would not be capable of fully acclimating to a new light environment during the current year, and this phenomenon is known as the predetermination of leaf structure (Dale and Milthorpe 1983 , Eschrich et al. 1989 , Koike et al. 1997 , Kimura et al. 1998 , Uemura et al. 2000 . Following abrupt increases in the incident light flux, trees with a predetermined leaf structure cannot fully use the extra light; thus, the changes in the nitrogen partitioning pattern among the photosynthetic proteins would compensate for their leaf morphology and structure (Koike et al. 1997 , Kimura et al. 1998 .
In the larch plantations of northern Japan, the dominant deciduous broad-leaved tree seedlings that regenerate are species typical of the mid-to late successional forests (Kitaoka and Koike 2004) . Several interesting issues with regard to these trees remain, including whether the predetermination of leaf structure is observed in the regenerated tree seedlings of larch plantations, and if so, whether the nitrogen amendment affects their acclimation to a strong light flux.
Our previous studies had suggested that several physiological differences were reflected in the light-and nitrogen-use traits of different tree species. For example, Magnolia hyporeuca Siebold et Zucc. had high photosynthetic rates and nitrogen-use efficiency, whereas in contrast, the late successional tree species Prunus ssiori F. Schmidt and Carpinus cordata Blume had low photosynthetic rates and used nitrogen conservatively. Moreover, the mid-late successional tree species Quercus mongolica Fischer ex Ledeb. var. crispula (Blume) Ohashi. showed intermediate levels of photosynthesis and nitrogen-use traits among these four tree species. We defined the shoot growth pattern following Borchert (1991) ; M. hyporeuca are classed to the ash (Fraxinus) type, whereas the other three species belong to the hickory (Carya) type. During the growth period, M. hyporeuca had both predetermined and indeterminate leaves. In addition, Q. mongolica had a high tolerant capacity of photoinhibition (Kitao et al. 2000 (Kitao et al. , 2006 .
We therefore hypothesized that the responses of the tree seedlings to larch canopy clearing (i.e., clearing) and nitrogen input treatments would reflect specific traits of shoot development that are related to the tree species' successional traits. In addition, we predicted that M. hyporeuca and Q. mongolica would respond better to the clearing treatments than the two late successional tree species P. ssiori and C. cordata. We also hypothesized that the input of nitrogen into the forest floor would accelerate acclimation to the new light environment, as several studies have suggested that nitrogen amendment and nitrogen deposition affect not only the photosynthetic function of trees, but also the mesophyll cell structure (Fricke et al. 1997 , van Arendonk et al. 1997 , Bondada and Syvertsen 2003 .
To test these hypotheses, we conducted clearing and nitrogen-amendment experiments in larch plantations and investigated subsequent changes in the light-use characteristics of the invading deciduous broad-leaved tree seedlings. 
Materials and methods

Site description
Plant materials
The seedlings of four successional tree species that had invaded a larch plantation were studied: deciduous magnolia (M. hyporeuca), carpinus (C. cordata), cherry (P. ssiori) and oak (Q. mongolica). The sample seedlings were about 95 cm tall. To measure the gas exchange rates, the second or third leaf counted from the shoot base was chosen from three or four plants in each plot.
Measurement of gas exchange rates
The light-saturated photosynthetic rate (Psat) of individual leaves was determined for each species. The Psat values were measured using a portable gas analyzer (LI-6400, Li-Cor, Lincoln, NE) that was equipped with CO 2 control modules and a light-emitting diode light source (6400-02B). The Psat values were determined at 36 Pa of CO 2 , and light saturation regimes were about 800-1200 lmol m À2 s À1 at the clearing sites and about 500-800 lmol m À2 s À1 at the non-clearing sites (Koike 1986, Kitaoka and . At the canopy clearing sites, the light saturation regimes of M. hyporeuca and Q. mongolica were 1200 lmol m À2 s
À1
, and those of P. ssiori and C. cordata were 800 lmol m À2 s
. At the non-canopy clearing sites, the light saturation regimes of M. hyporeuca and Q. mongolica were 800 lmol m À2 s
, and those of P. ssiori and C. cordata were 500 lmol m À2 s
. The measurement temperature was about 25°C, which is an optimal temperature for Rubisco activity (Larcher 2003) . After obtaining these measurements, we sampled the leaves by stamping out two disks (1 cm 2 each) from a previously measured leaf for the determination of the leaf mass per area (LMA) and the nitrogen content.
The disks that were used to determine the leaf nitrogen content were dried at 60°C for 48 h. We subsequently measured the leaf mass to determine the LMA. In addition, the leaf nitrogen content was determined using an N-C analyzer (NC-900, Shimadzu, Kyoto, Japan). The samples were again dried at 60°C for several hours before being placed in the analyzer. The nitrogen content was calibrated with a known standard (acetanilide: N = 10.36% and C = 71.09%; Wako Chemical Co. Ltd., Osaka, Japan).
Calculation of Smes
After the disks had been obtained, small pieces of the leaf were cut and fixed in a solution of 4% glutaraldehyde for the observation of leaf anatomy. The samples were then post-fixed in 1% osmium tetroxide and embedded in Epoxy 812 (TAAB, USA). Sections of 1 lm thickness were then excised from the embedded samples using an ultramicrotome (Ultracut J, Reichert, Vienna, Austria), stained with a 1% aqueous solution of safranin (for 15 min) followed by a 1% aqueous solution of gentian violet (15 min) and observed using an optical microscope (BH-2, Olympus, Tokyo, Japan). We then calculated the Smes according to the method described by Thain (1983) .
Statistical analyses
All of the statistical analyses were performed using an R software Version 2.70 (The R Project in Statistical Computing http://www.r-project.org/index.html). We analyzed the differences between clearing, nitrogen amendment and year using a three-way factorial analysis of variance (ANOVA, Crawley 2005) . When the interactive effects of nitrogen amendment and clearing (N+ · CL), or clearing, nitrogen amendment and year (N+ · CL · Yr), were detected, Holm's post hoc test was used. However, when an interaction of N+ · CL was detected, the post hoc test was performed separately for each year, whereas if an interaction of N+ · CL · Yr was detected, the post hoc test was performed with all of the datasets, including both the first and second years of the experiment. Simple linear regression analyses were used to examine the dependence of Psat on nitrogen, LMA and Smes, and the dependence of Smes on LMA and Smes.
Results
Leaf structural and biochemical responses
In all of the studied tree species, the Psat values changed significantly in the clearing treatment during the first year of the experiment. In addition, M. hyporeuca and Q. mongolica showed a significant yearly variation due to the clearing treatment (CL · Yr: in M. hyporeuca; P < 0.01 and in Q. mongolica; P < 0.01). No significant interaction effects were detected between the nitrogen amendment and the clearing treatments in any of the species studied (Table 1) .
The leaf nitrogen content showed species-specific patterns (Figure 1) . For M. hyporeuca, the nitrogen content at the clearing site with nitrogen amendment was significantly higher than those at the other treatment sites in both the first and second years of the experiment. In addition, during the second year of the experiment, the leaf nitrogen content at the clearing treatment site was also significantly higher than that at the control site. For Q. mongolica, there were no significant changes due to any of the treatments during the first year of the experiment, while an incremental change in the leaf nitrogen content was observed at the clearing site with nitrogen amendment during the second year ( Figure 1 ; Table 1 , results of the post hoc test). There was no significant response in P. ssiori to the treatments through the course of the study (Figure 1 ; Table 1 , results of the post hoc test). However, the leaf nitrogen content of C. cordata increased significantly at the clearing site ( Figure 1 ; Table 1) .
For all of the tested tree species, the clearing treatment significantly affected the LMA in the first year. Specifically, higher LMA leaves were observed at both the clearing sites and the clearing sites with nitrogen amendment (Figure 1 ; Table 1 ). By contrast, the nitrogen-amendment treatment affected LMA differently in different species; higher LMA leaves were formed in M. hyporeuca and Q. mongolica during the second year, whereas lower LMA leaves were formed in Q. mongolica during the first year, in P. ssiori during both the first and second years and in C. cordata during the second year.
In all of the four tree species, the clearing treatment significantly affected the Smes value (Figure 1 ; Table 1 ). In particular, the Smes value of Q. mongolica clearly increased at the clearing sites and at the clearing sites with nitrogen amendment. The Smes value also increased significantly in M. hyporeuca under both the clearing and the clearing with nitrogen-amendment treatments during the first and second years of the experiment. In addition, a significant yearly variation was observed (Figure 1 ; Table 1,   Table 1 . A factorial ANOVA table of the Psat and leaf structural and biochemical traits of the four deciduous broad-leaved tree seedlings. The significance of the primary effects and their interaction are shown with the aforementioned abbreviations (*P < 0.05 and **P < 0.01) or as not significant (n.s.). If significant interactive effects of N+ · CL or CL · N+ · Yr were detected, Holm's post hoc tests were carried out. The results of post hoc tests are shown in Figure 1 . CL · Yr: P < 0.05). In the Q. mongolica species, the Smes values under all treatments were significantly higher than those observed in the control (Figure 1 ; Table 1 ). During the second year of the treatment, the Smes values under both the clearing and the clearing with nitrogen-amendment treatments showed significant increases (Figure 1) . In P. ssiori, a significant increase in the Smes value was observed with the clearing treatment; however, there was no significant yearly variation. In C. cordata, while there was no significant increase in the Smes value with the clearing or nitrogen-amendment treatments, the Smes value significantly increased with the clearing and the clearing with nitrogen-amendment treatments in the second year ( Figure 1 ; Table 1 ).
Simple linear regression analyses among leaf structural and biochemical parameters
With regard to the relationships between Psat, LMA, N and Smes, in the second year, all of the tree species showed a significant correlation between Psat and Smes (Table 2a) . In M. hyporeuca, in the first year there were no significant relationships among the parameters, but in the second year significant correlations were observed between Psat and each of the other three parameters (Table 2a , P < 0.01 for Psat, -LMA, -N and -Smes). The Q. mongolica also showed significant correlations between Psat and the other three parameters in the second years (Table 2a , P < 0.01 in Psat, -LMA, -N and -Smes). In P. ssiori, there were significant correlations between Psat and both LMA and Smes in both the first and second years (Table 2a , P < 0.05 for Psat-LMA in the second year, P < 0.01 for Psat, -LMA, -N and -Smes). In C. cordata, a Psat-N relationship was observed in both the first and second years (P < 0.01 in 2002 and P < 0.05 in 2003). Species-specific relationships existed between Smes, N and LMA (Table 2b ). In M. hyporeuca, significant positive correlations were observed between Smes and both LMA and N in both the first and second years (Table 2b ). In Q. mongolica and C. cordata, significant correlations between Smes and the other parameters were observed in the second year. In P. ssiori, there was no significant correlation between Smes and N, but a significant Smes-LMA correlation was observed in both years (Table 2b) .
Discussion
The results for M. hyporeuca and Q. mongolica undergoing both the clearing and the clearing with nitrogen-amendment treatments indicated a significantly higher photosynthetic rate during the second year in comparison to the first year (Figure 1 ). This can be explained by the increase in the Smes value, as indicated by the regression analysis (Figure 1 ; Table 2a and b). The Psat are determined by the leaf physiological and morphological traits (Reich et al. 2001) . The leaf physiological traits can be determined by the leaf nitrogen content, whereas the leaf morphological traits are characterized by the leaf structure (Lambers et al. 1998 , Larcher 2003 . Provided that a plant can supply Table 2 . Significant results of the simple regression analysis of leaf physiological and morphological parameters of the four deciduous broad-leaved tree seedlings: (a) correlations between Psat and LMA, N (leaf nitrogen content) and Smes and (b) correlations between Smes, LMA and N. The significance is shown with the aforementioned abbreviations (*P < 0.05 and **P < 0.01). (Bjo¨rkman 1981 , Koike 1988 , Nobel 1999 ). The observed increases in Smes values for both M. hyporeuca and Q. mongolica in the clearing and the clearing with nitrogen-amendment experiments during the second year could be affected by the predetermination of leaf structure (Figure 1) . Previous studies had indicated that some tree species, such as clarified same shoot growth pattern of Carya (Borchert 1991) , determine the mesophyll cell layer number during the last summer; this has been observed in birch, oak, maple (Koike et al. 1997 ) and Siebold's beech (Kimura et al. 1998) as suggested by Dale and Milthorpe (1983) . The Smes values for both M. hyporeuca and Q. mongolica in the clearing treatment were smaller in the first year than in the second year (Figure 1) . The former studies have indicated that the plants growing in shady environments have smaller Smes values per leaf area as compared to the plants grown in sunny conditions (Givnish 1988) . These tendencies for the Smes values of Q. mongolica and M. hyporeuca were also found to be accompanied by a change in the Psat values (Table 2a and b) .
As shown in Figure 1 , in the first year, with the exception of M. hyporeuca, Psat values of the remaining species were higher in the open than in the shade, independent of nitrogen; however, the factors that facilitated this increase in Psat are unknown. Previous results had indicated that the primary reasons for these changes were due to LMA, the nitrogen allocation and the distribution of chloroplasts (Chow et al. 1988 , Oguchi et al. 2003 ). An increase in LMA indicates that the chloroplasts (Rubisco) can spread thinly across the surface of the plant cell walls that are exposed to intercellular airspace (Evans 1998) , such that the chloroplasts in higher LMA leaves gain access to CO 2 more efficiently than those in lower LMA leaves. Terashima et al. (2001 Terashima et al. ( , 2006 proposed the benefits of a thinner distribution of chloroplasts across the surface of cells using models. In M. hyporeuca, no clear response to canopy clearing in the first year would be attributed to root-shoot communication as suggested by Borchert (1975) for oak and Sato (1995) for the 47 tree species. In fact, the leaf developmental pattern of M. hyporeuca is tightly correlated with root growth (Sato 1995) .
Why did the leaves with higher LMA values in both the clearing and the clearing with nitrogen-amendment experiments have higher photosynthetic rates during the first year (Figure 1 ; Table 2a and b)? Plants grown in the presence of intense light tend to have elongated chloroplasts, whereas plants grown in a less intense light tend to have globularshaped chloroplasts (Chow et al. 1988) . Moreover, the balance of mesophyll cell surfaces and intercellular spaces of deciduous broad-leaved tree seedlings is also regulated by light and nitrogen conditions (Oguchi et al. 2003 (Oguchi et al. , 2006 . The M. hyporeuca and Q. mongolica species demanded more nitrogen and had a higher rate of nitrogen use than P. ssiori and C. cordata as found by Kitaoka and Koike (2004) . In the latter two species, Psat may be suppressed by an extra amount of nitrogen through a modification of chloroplast structure as reported by Bondada and Syvertsen (2003) . In the nitrogen-amendment treatments, the decrease in LMA (Figure 1) can be explained by acclimation to the light environment and by the optimization of carbon fixation. For a leaf of a given mass, a lower LMA value implies a larger leaf area. Therefore, in shady environments, leaves characterized by a lower LMA are able to absorb a larger photon flux than leaves with a higher LMA (Givnish 1988 , Poorter and Evans 1998 , Evans and Poorter 2001 . Nitrogen input, therefore, promotes leaf structural and functional adjustments to light environment during the growth of seedlings of each of these four species.
Conclusion
These results indicate that different successional species have differing responses to a variety of environmental disturbances. The gap phase species (M. hyporeuca) and the mid-late successional species (Q. mongolica) responded well to the clearing treatment, whereas the late successional tree species (both P. ssiori and C. cordata) showed a significantly more muted response. These responses can be materialized through the changes in the LMA value accompanied by an increase in the Smes value by nitrogen input. From our results, some late successional tree species may have more conservative responses to the environmental changes.
